We report on rotaxanes featuring a pyridyl-acyl hydrazone moiety on the axle as a photo-/thermalswitchable macrocycle binding site. The pyridyl-acyl E-hydrazone acts as a hydrogen bonding template that directs the assembly of a benzylic amide macrocycle around the axle to form [2]rotaxanes in up to 85 % yield; the corresponding Zhydrazone thread affords no rotaxane under similar conditions. However, the E-rotaxane can be smoothly converted into the Z-rotaxane in 98 % yield under UV irradiation. The X-ray crystal structures of the E-and Z-rotaxanes show different intercomponent hydrogen bonding patterns. In molecular shuttles containing pyridyl-acyl hydrazone and succinic amide ester binding sites, the change of position of the macrocycle on the thread can be achieved through a series of light irradiation and heating cycles with excellent positional integrity (>95 %) and switching fidelity (98 %) in each state.
INTRODUCTION
Light and heat are attractive stimuli with which to control the positions of components of molecular machines, both in solution and on surfaces.
1 Light can be directed to a precise area, the wavelength can be controlled to influence only certain functional groups, and many photochemical reactions generate few byproducts. 2 Although more challenging to apply to a localized area, heating is similarly often highly efficient and often produces little or no waste. 3 Rotaxanes in which the macrocycle can be switched between two or more sites, stimuli-responsive molecular shuttles, [4] [5] [6] [7] [8] have been extensively investigated as prototypical molecular machines. 9 Although a number of light-and thermally-switchable molecular shuttles have been developed, 10 many suffer from performance issues, such as (i) modest positional integrity in one or both switch states (or systems restricted to small amplitude movements), (ii) one state is short-lived (or only stable under particular conditions), and/or (iii) poor switching fidelity (incomplete formation of one of the states). Amide-based molecular shuttles tend not to suffer from the first problem, highly directional hydrogen bonding can provide precise intercomponent positioning in both switch states even with large distances between the binding sites on the thread. 11 However, light-induced naphthalimide radicals 10f are only transiently formed and photoisomerization of fumaramide to maleamide generally gives only a ~50:50 E:Z photostationary state.
10h Here we report on a photo-switchable binding site for a benzylic amide macrocycle that when introduced into a [2]rotaxane overcomes all three of the problems that have detracted from previous lightand/or thermally-switchable molecular shuttle designs.
The new rotaxanes contain an pyridyl-acyl hydrazone unit, 12 which in the E-form of the C=N imine-type bond features hydrogen bond-accepting sites in a similar spatial arrangement to other efficient templates for the assembly of benzylic amide macrocycles, 13 and can undergo E/Z isomerization in response to photochemical or thermal stimuli in high conversion to both states. 12a-c In the Z-form the 2-pyridyl ring can form a sixmembered intramolecular hydrogen bond with the amide N-H of the hydrazone. We reasoned that when incorporated into a molecular shuttle, the readily switchable E-and Z-forms of the pyridyl-acyl hydrazone should have significantly different binding affinities for the macrocycle, meaning that the position of the ring on the thread should be switchable with high positional integrity.
starting materials (Scheme 1 and Supporting Information). Upon UV irradiation (step ii, Scheme 1) E-3 thread was isomerized to the Z form (Z-3, 91 % yield). There are substantial differences in the 1 H NMR spectra of the E-and Z-hydrazones (Figure 1a and 1d) . One significant change is the downfield shift of the NH proton of the hydrazone (ΔδH h = 5.88 ppm), which could be rationalized by internal H-bonding to the pyridyl nitrogen. Both E and Z-forms of the thread were subjected to rotaxane-forming conditions using an eight-fold excess of isophthaloyl dichloride and p-xylylenediamine in CHCl 3 in the presence of Et 3 N (step iv, Scheme 1). Pleasingly, E-3 yielded the desired [2]rotaxane E-4 in 85 % yield (cf. 62 % glycylglycine 13d and 50 % succinamide 13g threads using similar rotaxane-forming protocols) whereas the Z-thread did not afford the corresponding rotaxane, confirming that the pyridyl-acyl Z-hydrazone does not have a suitable arrangement of hydrogen bond acceptors. However, rotaxane Z-4 was smoothly generated from E-4 in 98 % yield by UV irradiation (step v, Scheme 1). The Z-isomers of both thread and rotaxane (Z-3 and Z-4) are stable in solid form and in solution, with no conversion back to the corresponding E-isomers observed in a week at room temperature. However, the E-isomers could be rapidly reformed from their Zisomer counterparts by heating at 40 ºC in the presence of a catalytic amount of trifluoroacetic acid (TFA), followed by neutralization with K 2 CO 3 (98 %, steps iii and vi, Scheme 1). The switching processes were repeated several times without any signs of degradation or loss of fidelity of the switching mechanism.
The 1 H NMR spectra of rotaxanes E-4 and Z-4 (CD 2 Cl 2 , 298 K, Figure 1b and 1c) confirm that E/Z isomerization of the acyl hydrazone moiety alters the nature and strength of the hydrogen bond network between macrocycle and thread. Substantial differences include splitting of most of the resonances corresponding to the macrocycle and thread protons in Z-4 ( Figure 1c ) apparently due to two rotamers of the hydrazone amide being present. Also significant is the two distinct environments observed for the NH proton of the hydrazone moiety in Z-4 (δ = 13.90 and 12.68 ppm). Single crystals of each isomer of the rotaxane (E-4 and Z-4) were obtained by slow evaporation of solutions of each rotaxane in CH 2 Cl 2 :CH 3 CN (1:1), and the solid-state structures determined by X-ray crystallography (Figures  2 and 3) . The intercomponent interactions are very different in the two isomers. In the solid state structure of rotaxane E-4 ( Figure 2 ) the macrocycle adopts a twistboat-like conformation with one amide hydrogen bonding to the pyridyl ring nitrogen (2.08 Å) and the other isophthalamide unit adopting bifurcated hydrogen bonds to the carbonyl of the thread (2.18, 2.24 Å). The fourth amide group of the macrocycle engages in hydrogen bonding with a water molecule (2.06 Å) which also acts as a hydrogen bond acceptor for the amide NH (1.94 Å) of the axle hydrazone. In contrast, in the crystal structure of Z-4 ( Figure 3 ) the macrocycle adopts a chair-like conformation with one isophthalamide group forming bifurcated hydrogen bonds (2.19, 2.24 Å) with the thread carbonyl while one of the other NH groups interacts with the nitrogen atom of the hydrazone through a long NH···N sp2 hydrogen bond (2.35 Å). A sixmembered intramolecular hydrogen bond is formed between the hydrazone proton and the pyridyl nitrogen of the axle (1.91 Å), which is presumably the cause of the relatively high thermal stability of the Z-isomer compared to typical acyl hydrazones. 91; N19-H23N, 2.35; O36-H23N, 2.19; O36-H18N, 2 .24. Hydrogen bond angles (°): N19A-H-N8, 142.3; N23-H-N19, 153.3; N23-H-O36, 155.9; N18-H-O36, 148.9. The O-H (0.993 Å) and N-H (1.015 Å) bond distances were normalised to match with neutron diffraction data.
Synthesis and Photo-and Thermal-Switching of a Pyridyl-Acyl Hydrazone Molecular Shuttle.
The difference in the hydrogen bonding networks of the two rotaxane isomers, E-4 and Z-4, suggested that it should be possible to modulate the strength of intercomponent binding by photochemical and thermal isomerization in an appropriate rotaxane-based molecular shuttle (Scheme 2). We prepared a molecular shuttle thread (E-5) that features two potential binding sites for the benzylic amide macrocycle, a pyridyl-acyl hydrazone unit and a succinic amide-ester group (Scheme 2). We reasoned that the macrocycle should preferentially bind to the pyridyl-acyl E-hydrazone moiety over the succinic amide-ester due to the poor hydrogen bonding ability of the ester group. Photochemical isomerization to the corresponding Z-form would then switch off hydrogen bonding to the pyridyl group and causing the macrocycle to preferentially relocate to the succinic amide-ester binding site.
The pyridyl-acyl E-hydrazone-succinamide-ester thread (E-5) was prepared in eight steps from commercially available starting materials (77:23 E/Z ratio, see Supporting Information). Thread E-5 could be smoothly isomerized to the Z-5 thread by UV irradiation (91 %, step ii, Scheme 2 and Figures 4a and 4d ) and restored back to the E-state through thermal isomerization in the presence of a catalytic amount of trifluoroacetic acid (77 %, step iii, Scheme 2). Formation of the interlocked architecture using the multi-component clipping reaction furnished [2]rotaxane E-6 in 70 % yield (step i, Scheme 2).
Since the xylylene rings of the macrocycle shield the encapsulated regions of the thread, the position of the macrocycle could be determined in each rotaxane state in CD 2 Cl 2 by comparing the chemical shift of the protons of the rotaxane with the equivalent resonances of the thread. The spectra of each isomer of thread and rotaxane, E/Z-5 and E/Z-6, are shown in Figure 4 . With the pyridyl-acyl E-hydrazone rotaxane (E-6, Figure 4b) , the signal corresponding to the NH group of the hydrazone (Δδ = −1.84 ppm) and H a and H c (Δδ = −0.63 and −0.83 ppm) are significantly shifted upfield, respectively (comparison of Figure 4a with 4b) , whereas resonances of the succinic amide-ester moiety are similar in thread and rotaxane, consistent with the macrocycle being located over the hydrazone binding site. In contrast, the resonances of rotaxane Z-6 ( Figure 4c ) exhibit a shielding of the protons (H l and H m ) of the succinic amideester unit (Δδ = −1.19 and −1.02 ppm), whereas the signals from the acyl hydrazone station remains similar in rotaxane and thread, indicating that the macrocycle is preferentially located around the succinic amide-ester (comparison of Figure 4c with 4d) .
Rotaxane E-6 could be smoothly converted to Z-6 with 312 nm UV light (91 % yield) and then restored to the E-6 form upon treatment with 20 mol % TFA in CD 2 Cl 2 at 40 °C (98 % yield).
14 From the 1 H NMR chemical shift differences we estimate that the macrocycle spends >95 % of the time on the acylpyridyl hydrazone site in E-6 and >95 % of the time on the succinic amide-ester site in Z-6 (see Supporting Information, Section 3.2). This represents one of the highest switching fidelities between chemical states, and one of the highest degrees of positional discrimination, within both states for a lightand/or thermally-switchable molecular shuttle. 
CONCLUSIONS
Pyridyl-acyl E-hydrazones act as an effective template for the assembly of benzylic amide macrocycle rotaxanes via the classic five-component clipping method. The solid state structures of the E-and Z-rotaxanes reveal patterns of intercomponent hydrogen bonding consistent with 1 H NMR studies in solution. The E-and Z-forms of the rotaxane can be efficiently interconverted with a high degree of fidelity by photochemical and acid-catalyzed thermal cis-trans isomerizations. Incorporation of the pyridyl-acyl hydrazone group into a bistable stimuli-responsive molecular shuttle affords excellent positional discrimination (>95 %) and high stability (98 %) in both states. These features, together with the fact that the rotaxanes are neutral, stable and easy to prepare, suggest that pyridyl-acyl hydrazones should be a useful addition to the motifs available for the construction of switchable molecular shuttles and more complex molecular machines.
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